[1] The Brazilian Lithosphere Seismic Project (BLSP, a joint project by University of São Paulo and Carnegie Institution, 1992-1999) operated more than 20 temporary broadband stations in the southeastern Brazilian shield. The area, a transect $1000 km long and 300 km wide, covers different geological provinces: the Precambrian São Francisco craton, the adjacent Brasiliano (700 -500 Ma) fold belts, and the Paraná basin of Paleozoic origin. Crustal thicknesses were estimated for 23 sites using receiver functions. For each station, receiver functions were stacked for different sets of earthquakes according to azimuth and distance. The P-to-S Moho converted phase was clearly identified at most sites. Crustal thicknesses were estimated using an average crustal P wave velocity of 6.5 km/s. Poisson's ratio of 0.23 (Vp/Vs = 1.70) was used for the São Francisco craton and adjacent fold belt (based on travel times from small, local earthquakes) and 0.25 was used for the Paraná basin and coastal belt. Crustal thicknesses ranged from 35 -47 km. Although there is a clear inverse correlation between topography and Bouguer gravity anomalies in the study area, Moho depths show the opposite pattern from that expected: areas of low topography and less negative Bouguer anomalies, such as the Paraná basin, have thicker crust (40 -47 km) compared with the high elevation areas of the craton and fold belt (37 -43 km). Two hypothesis are proposed to explain the data: (1) A lower density, by 30 -40 kg/m 3 , in the lithospheric mantle under the Archean block of the São Francisco craton relative to the Proterozoic lithosphere is responsible for maintaining the high elevations in the plateau area. Relatively low density and high P wave velocity are compatible with a depleted (low FeO) composition for the Archean lithosphere. (2) Alternatively, if the density contrasts between Archean and Proterozoic lithospheres are smaller than the values above, then the crust beneath the Paraná basin must be more dense than that of the craton. Higher crustal density and high Poisson's ratio would be consistent with magmatic underplating in the lower crust beneath the Paraná basin, as inferred from other studies.
Introduction: Brazilian Lithospheric Seismic Project (BLSP)
[2] A joint experiment between the University of São Paulo and Carnegie Institution of Washington, in collaboration with other institutions in Brazil and the United States, was undertaken in 1992 with the installation of up to 10 broadband stations in SE Brazil using STS-2 sensors and RefTek recorders. A description of the experiment with preliminary results were given by James et al. [1993] and Snoke and James [1997] . Figure 1 shows the stations occupied in the period 1992 -1999 and the main geological provinces.
opening. The source of this magmatism is usually attributed to a mantle plume related now to the Tristan da Cunha hot spot [O'Connor and Duncan, 1990; Turner et al., 1994] .
[4] Several techniques have been used with teleseismic events to estimate deep structure beneath the network, including body wave tomography, surface wave dispersion, and SKS splitting. A brief review of the main results so far are given below. The P and S wave tomography [VanDecar et al., 1995] revealed two important results: (1) The first is a clear high-velocity root beneath the São Francisco craton, down to $300 km depth and also an indication of high velocities beneath the central part of the Paraná basin. These results were consistent with the postulated cratonic block beneath the central part of the Paraná basin unaffected by the Brasiliano orogen [Cordani et al., 1984; Brito Neves and Cordani, 1991] . (2) The second is a lowvelocity column in the upper mantle, $200 km wide extending from 200 to 600 km, under the northeastern part of the Paraná basin, which was interpreted as the fossil remnant of the mantle plume responsible for the continental flood basalt magmatism in the initial stages of the Mesozoic South Atlantic rifting. The depth extent of the fossil plume implies that all of the upper mantle has moved coherently with the lithosphere since the breakup of Gondwanaland.
[5] Surface wave dispersion has been used to estimate the average lithospheric structure beneath the network. Snoke and James [1997] found high upper mantle S wave velocities, in the range 4.6 -4.7 km/s, down to at least 100 km. James and Assumpção [1996] measured upper mantle anisotropy with SKS splitting showing a pattern of different directions in each geological province: in the São Francisco craton and adjacent Brasília belt the fast anisotropy direction is WNW-ESE; in the western part of the Paraná basin it is SW-NE, while in the central part of the basin (cratonic nucleus) the anisotropy is weak but consistently east-west. These results indicate that the origin of the upper mantle anisotropy is related to the past orogenic processes (''fossil anisotropy'') and not to the current direction of plate movement. This implies that the geological processes observed at the surface involve deformation and tectonic mechanisms encompassing at least part of the upper mantle down to depths as great as 200 km Chan, 1988, 1991] .
[6] In Brazil, little reliable information is available on crustal thickness that could be used to help constrain models of local geological evolution. The worldwide compilation of deep refraction surveys [Christensen and Mooney, 1995] shows that the Brazilian lithosphere is one of the least studied in the world. In the absence of seismic information, gravity data alone are commonly used to infer variations of deep crustal structure [e.g., Blitzkow et al., 1979; Lesquer et al., 1981; Molina et al., 1989; Padilha et al., 1992; Ussami et al., 1993; Chapin, 1996] . With few constraints, gravity models are highly nonunique, and the interpretations require confirmation from other independent methods, especially with seismic data. For example, the gravity data accross the Goiânia Flexure was interpreted by Lesquer et al. [1981] as indicating a thinner crust to the NE toward the São Francisco craton, while Padilha et al. [1992] interpreted the crust to be thicker toward the NE. The preliminary results of crustal thickness estimates from receiver functions described below, which favor the interpretation of Lesquer et al. [1981] , will be helpful in better constraining regional gravity interpretations.
[7] Preliminary results of crustal thickness for some BLSP stations, using receiver functions, were given by James et al. [1993] . Here we present a more comprehensive analysis which includes data from additional stations, and we discuss the implications for the isostatic mechanisms.
Receiver Functions
[8] Receiver function analysis is a method developed by Langston [1977 Langston [ , 1979 for isolating from the recorded signal the effects of local structure (primarily crustal) from other effects due to source complexity and heterogeneity of deeper structures along the propagation path. Langston showed that if the incident P waves arrive at a high angle to the surface, deconvolving the vertical component (on which P wave energy will dominate) from the horizontal radial component (on which the SV waves produced by P-to-S conversions will be recorded) will yield a deconvolved time series (termed ''receiver function,'' or source equalized trace) on which the major features are S wave arrivals related to P-to-S conversions and reflections in the crust and uppermost mantle beneath the station. P wave energy on the radial component that is coherent with energy on the vertical component will be compressed by the deconvolution into a single spike at zero lag time. On the receiver function, all subsequent arrivals after direct P have times calculated relative Numbers on the left are the azimuth ranges (measured at the station) of the events used in each stack; numbers on the right are the distance range with number of traces used in the stack shown in parentheses. The stacks are ordered by average slowness. For station cdcb we used a Gauss filter width a = 2.0; for bscb and rifb a = 3; for trib we used a higher value, a = 5, to show the effect of the sedimentary layers.
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to the coherence peak, so that peak is commonly referred to as the direct P wave arrival.
[9] In deconvolving the vertical component from the radial it is necessary to stabilize the spectral ratio by protecting against holes in the vertical component spectrum. This was done by the ''trough filler'' method where spectral amplitudes lower than a certain threshold (''water level'') is replaced by the water level [Owens et al., 1984] . The optimum water level (usually in the range 0.003 -0.0001) was chosen for each event. A low-pass Gauss filtering was also used [exp(À(w 2 /4a 2 ))] to remove high-frequency scattered energy. Depending on the station the gauss filter width a was set to 2, 3, or 5, which acts as a low-pass filter with corner frequencies at $0.4, 0.6, or 1.0 Hz, respectively. The frequency content of the receiver functions, however, also depends on other factors, such as the trough filler. The receiver functions have been calculated using routines provided by Charles J. Ammon and include his modifications that preserve amplitude information in the deconvolution.
[10] A crucial feature of the receiver function method is that the source equalized traces for events clustered at roughly the same distance and azimuth can be stacked to improve signal-to-noise ratio. For each station, receiver functions for events with similar back azimuths and distance ranges were stacked. Some examples of receiver functions stacks are shown in Figure 2 for stations cdcb and bscb in the craton, rifb near the suture zone, and trib in the middle of the Paraná basin. The distance ranges and azimuths (measured at the stations) are indicated on the right and left of each trace, respectively. The number of traces used in each stack vary from 1 to 9 and are indicated in parentheses beside the distance range. The transverse component (dashed line) is a useful indication of variations from purely horizontal crustal layerings as well as scattered energy and can be used as a ''noise'' indication in our case. Even though several features of the radial functions can be well correlated among individual traces, a comparison between the radial and transverse stacks shows that the P-to-S conversion at the Moho (Ps phase) is usually the only phase well above the noise. So the most important information in the receiver function is the Ps Moho conversion, which is usually easily identified.
[11] The identification of the Moho Ps conversion is made mainly with two criteria: (1) its expected delay of $5 s with respect to the direct arrival for shield areas where the crust is $40 km thick and (2) its move out with epicentral distance. The Ps converted phase has a move out which depends on the epicentral distance; that is, the time difference Ps-P decreases with decreasing incidence angle of the P wave at the Moho discontinuity. This can be seen in Figure 2 , especially for stations with observations within a large distance range. Other phases, such as the surfacereflected PpPms, has opposite move out: its delay in relation to the direct P increases with epicentral distance and so can be distinguished from the Ps conversion. Additionally, synthetic receiver functions are also calculated to confirm the phase identification, as will be seen in section 4.
[12] To produce a single trace per station, we corrected this move out by slant stacking all previous stacks (such as those shown in Figure 2 ). The slant stacking enhances the Ps conversions and reduces other phases, such as PpPms, which has opposite move out. The move out correction brings the Ps-P time to that corresponding to vertical incidence. The amplitudes, on the other hand, are less meaningful now.
[13] A cross section with the final slant stacks for all analyzed BLSP stations are shown in Figure 3 . For stations in the Paraná basin, conversions and multiple reflections in the sedimentary layers can be seen following the direct P wave for 1 or 2 s; stations outside the basin do not show this pattern. Note also that station rifb is the one with the largest negative trough after the direct P wave (Figures 2c and 3) , which implies an S wave lowvelocity zone in the upper crust, as will be seen in section 4. Interestingly, rifb is located right on the postulated ''suture zone'' of Lesquer et al. [1981] , as seen in Figure 1 .
[14] Stations in the craton and the nearby fold belts show simpler receiver functions with no major features except for the Moho Ps conversion. The Ps-P time is generally smaller for these stations compared with those from the Paraná basin. The stations in the Ribeira belt show a decreasing Ps-P time toward the coast, which is probably related to the beginning of crustal thinning due to the continent-ocean transition.
Velocity Models
[15] Receiver functions can be inverted for the crustal S wave velocity profile beneath the station. However, the inversion process is nonlinear and the solution is highly nonunique [e.g., Ammon et al., 1990] . A reliable velocity structure can only be obtained with additional information, such as known velocities of the near surface layers. Also, scattered energy from lateral faults or discontinuities can significantly perturb the radial receiver functions [e.g., Abers, 1998 ], so the assumption of horizontal plane layers is questionable.
In this paper, we present estimates of crustal thicknesses based on observed time differences between the direct P wave and the Ps phase, using an average velocity model for the crust, such as was done in the Rocky Mountains by Sheehan et al. [1995] .
[16] Two models of average crustal velocities were obtained for this study. For the area defined here as ''craton/plateau'' (São Francisco craton and neighboring Brasília belt) the velocity model was based on analysis of small local earthquakes and one interstation surface wave dispersion curve (Figures 4 and 5) . For the Paraná basin, average crustal velocities were based only on surface wave dispersion along two interstation paths from four different teleseisms ( Figure 6 ).
Craton/Plateau Crustal Model
[17] Several small earthquakes (m b 2.3 -3.7) were well recorded by the BLSP stations in southern Minas Gerais state up to $300 km distance (Figure 4 ). Some of these events were also recorded by local stations providing a good estimate of hypocenters and origin times, as indicated in Table 1 . In addition, two quarry explosions were timed, and the data up to 64 km were also used. The P travel time data, from both first and secondary arrivals, were analyzed to determine an average, first-order velocity-depth model for the region, as follows.
3.1.1. Vp/Vs ratio.
[18] All clear S wave arrivals, picked on rotated SH components, indicate an average Vp/Vs ratio of 1.704 ± 0.003, as shown by the composite Wadati diagram (Figure 5a ). This value corresponds to a Poisson ratio of 0.237, significantly below the standard 0.25 value. Although no Sn/Pn data were used, some secondary arrivals from the lower crust recorded in the distance range 210 -275 km, well separated from the Sn/Pn arrivals, were also included in the Wadati diagram (P-O times larger than $35 s). This means the average value of 1.704 for the Vp/Vs ratio is representative of the whole crust and not only of the upper crustal layers. Good secondary P and S wave arrivals can be picked with an error less than about ±0.1 and ±0.2 s, respectively, [19] Two sets of P wave travel time data were considered: (1) those from events with hypocenters and origin times determined with local data, independently of the regional crustal model, and (2) those from events located with the regional crustal model. The events of data set 1, with more accurate hypocenters (numbers 2, 3, and 5 in Figure 4 ), were studied in detail by Assumpção et al. [1997] and Assumpção [1998] . Initially, a preliminary model was defined using data set 1, and this was used to determine the locations of the events in data set 2. A P wave record section, corrected for the [Dziewonski et al., 1975] ) adjusted for a 42 km thick crust. 
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hypocentral depth by normalizing all data to zero depth, helped define a better crustal model. Secondary P wave arrivals (wideangle reflections or refractions from lower crust and Moho reflections) were also used to help define the depths to a possible midcrust and to the Moho interfaces. An iterative procedure for relocating the events with the improved model resulted in a final crustal model consistent with all observations, as shown in Figures 5b and 5c . In all models, Vp/Vs was held fixed at 1.70.
3.1.3. Phase identification.
[20] Apparent velocities and incidence angles, which are independent of the crustal model, were also used to help correctly identify the phases. Apparent velocities in the distance range up to 200 km (measured between two stations in roughly the same direction and therefore little affected by hypocentral errors) tend to be in the range 6.0 -6.3 km/ s as shown in Table 2 . The refracted wave from the lower crust could not be identified as first arrival. This suggests a thick upper crust with relatively uniform velocities. In the final model the upper crust was 22 km thick with P velocities increasing with depth from 6.0 to 6.3 km/s. Upper mantle refractions (Pn waves) are only observed as first arrivals beyond $200 km. Table 3 shows that the apparent incidence angles at the surface are close to 60°up to 192 km distance. Apparent angles for Pn first arrivals and strong secondary arrivals (usually Moho reflections) tend to be in the range 40°to 50°. The data in Table 3 confirm the interpretation that Pn refractions are only first arrivals beyond $200 km, which implies a Moho discontinuity >40 km deep.
[21] Figure 5b shows the resulting velocity model, after three iterations, labeled ''eq''. The main results were a crustal thickness of 43 km, an average crustal P wave velocity of 6.53 km/s (6.1 -6.3 km/s for the upper crust and 6.7 -7.0 km/s for the lower crust), and a high upper mantle velocity of 8.3 km/s. The average crustal velocity of 6.53 km/s is close to the worldwide average (6.42 ± 0.23) for continental stable areas as compiled by Christensen and Mooney [1995] . Velocity gradients for the upper and lower crust were preferred to better model the reflected (secondary) arrivals. Giese and Shutte [1975] recorded an unreversed refraction profile in the São Francisco craton, northeast of the study area, from Itabira mine northward. No Pn arrivals were recorded by Giese and Shutte, but the Moho reflections suggested a crustal thickness of $42 km and, possibly, upper mantle velocities of $8.2km/s, in general agreement with our average model.
[22] The Moho discontinuity in the craton area is well defined by the near critical reflection at 120 -130 km distance (PmP in Figure 5c ), besides the Pn head wave. On the other hand, the midcrustal discontinuity is very poorly defined as no strong critical reflections could be identified; an alternative model with a smooth transition between upper and lower crustal velocities would also fit the data. The preferred model (Figures 5b and 5c ) has a critical distance for the Moho reflection of 110 km. An estimate of the uncertainty in the average craton model can be obtained by allowing the PmP critical distance to vary from 95 to 120 km (the maximum PmP amplitude should be close to the critical distance). This range of possible critical distances implies a variation in the crustal average P wave velocity from 6.38 to 6.60 km/s, a deviation of $0.15 km/s from the average 6.53 km/s of the preferred model. Additionaly, during the three iterations of crustal modeling and earthquake relocation process, the average P wave velocities did not vary by more than 0.10 km/s.
[23] Snoke and James [1994] used surface wave dispersion to estimate the average lithospheric structure beneath the whole BLSP network. Data were insufficient to produce a well-constrained velocity-depth model for the craton alone. A single interstation plateau/cratonic path (furb-frmb) had good quality Rayleigh and Love wave data (including Rayleigh phase velocities for the first higher mode), as shown in Figure 4b . We can use these data to provide a consistency check with the P wave refraction results described above. Thus the surface wave data were inverted for crustal and upper mantle velocities using two 20 km thick crustal layers and Vp/Vs ratios of 1.70 for the crust and 1.78 for the upper mantle. The dispersion data (Figure 4b ) are well fit with the model labeled ''surf'' (Figure 5b ). The average crustal P velocity for this model is 6.47 km/s, and the Pn velocity is 8.24 km/s, consistent with the velocities derived from the local earthquakes. For the surf model the differential S-P travel time for a ray traveling from the Moho to the surface with normal incidence at the base of the crust is 4.33 s, in agreement with the observed (Ps-P) o for stations furb and frmb (Table 4) .
[24] The worldwide compilation of lower crust velocities [Holbrook et al., 1992] shows a bimodal distribution for continental stable regions (platforms and shields) with peaks roughly at 6.7 -6.8 and 7.2 -7.5 km/s. The lower crust velocites found for the plateau area (<7.0 km/s) and the low Poisson's ratio indicate a lower crust composed predominantly of intermediate granulites.
Mafic rocks are not likely to be a major constituent of the lower crust in the craton area, which is also consistent with the properties of other Archean crusts, as compiled by Durrheim and Mooney [1991] . To estimate the crustal thicknesses from the Ps-P times of the stations in the craton/plateau, we used a model with two layers of equal thicknesses and velocities of 6.15 and 6.9 km/s. A twolayer model is preferred over a single layer because of the slightly different move out of the Ps phase. Thus the adopted two-layer velocity model has an average velocity of 6.5 km/s.
Paraná Basin Crustal Model
[25] For the Paraná basin, only interstation surface wave velocities were used as no local events were recorded in this aseismic area. Three teleseismic events were analyzed for the path ppdb-rifb and one event for trib-rifb (Figure 6a) . Details of the analysis were given by Snoke and James [1997] , who included three more paths that are omitted here because they traversed parts of the craton as well as the Paraná basin. Weighted averages for both phase and group velocities were determined ( Figure 6b ) and inverted for a lithospheric velocity model (Figure 6c ). Poisson ratios of 0.25 and 0.27 were assumed for the crust and upper mantle, respectively. 
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Crustal thickness was taken as 42 km, and the thickness of the lower crustal layer was taken to be 22 km. Drill log data [e.g., Molina et al., 1989] have been used to estimate an average sedimentary section for the Paraná basin 2.6 km thick, with Vp = 4.9 km/s, Vs = 2.7 km/s, and density of 2500 kg/m 3 . The resulting model shows an average crustal S wave velocity of 3.71 km/s (excluding the thin sedimentary layer) and a high-velocity mantle lid of $4.72 km/s. The observed average S wave velocity for the crust of 3.71 km/s corresponds to a Vp of 6.4 km/s for a Vp/Vs ratio of 1.73. The differential S-P travel time for this model for a ray traveling from the Moho to the surface with normal incidence at the base of the crust is 4.91s, which compares well with the average (Ps-P) o of 4.98 ± 0.10 S observed at the stations used in the surface wave analysis.
[26] In determining the crustal thicknesses for stations in the Paraná basin from the Ps-P times a three-layer model was used with velocities according to the surface wave results. The sedimentary layer had Vp = 4.9 km/s and thickness as in Table 4 ; the upper crust (Vp = 6.3 km/s) was assumed to reach 20 km depth for all stations; the thickness of the lower crust (Vp = 6.5 km/s) was found from the Ps-P time.
[27] For the coastal Ribeira belt, no information is available yet on average crustal velocities. The crustal thicknesses were estimated assuming an average Vp velocity of 6.5 km/s and a Poisson ratio of 0.25. No sedimentary layer was used as all stations were directly on basement rocks.
Receiver Function Modeling
[28] Receiver functions inversions were done to test our identification of the Moho Ps conversion as well as to check the average model used in estimating crustal thicknesses. Some representative examples are shown in Figure 7 . Synthetic receiver functions were calculated for a starting model (craton or Paraná) with the crust and upper mantle consisting of several thin horizontal layers. Perturbations in the layer velocities were calculated with the inversion technique of Ammon et al. [1990] . Forward modeling was also carried out by varying the depth of the Moho discontinuity as well as the Vp/Vs ratio (held constant for all layers) to better fit the multiple reflection PpPms. Detailed modeling of all features of the receiver function is not necessary as the purpose here is only to determine the compatibility of the average model with the main features of the receiver functions.
[29] Figure 7a shows model results for station cdcb in the São Francisco craton using a stacked receiver function from a NW azimuthal bin. A Vp/Vs ratio of 1.70 (as determined in Figure 5a ) was used for the whole crust. Note that the main features of the receiver function can be explained with a crustal model having an average velocity close to the craton model (labeled ''earthq.'' in the top plot of Figure 7a ). This modeling shows that the Ps phase was correctly identified and that the average P and S wave velocities of the craton model are consistent with the observed receiver functions.
[30] Figure 7b shows model results for station trib in the middle of the Paraná basin. A Vp/Vs ratio of 1.732 (Poisson ratio 0.25) was assumed. The starting model had a sedimentary layer 4.3 km thick (see Table 4 ) and crustal velocities taken from the surface wave studies. In this example we allowed the inversion process to fit the receiver function in more detail, which resulted in a more complex velocity model. A lower crust discontinuity near 35 km depth seems to be required to explain the peaks preceding the Moho Ps and PpPms phases. Although this model has a transitional Moho, it has an average crustal velocity and crustal thickness consistent with the Paraná model.
[31] Figure 7c shows model results for station rifb, at the margin of the Paraná basin, close to the suture zone. The trough following the direct P has been modeled as a low-velocity layer in the upper crust. Instabilities in the deconvolution can cause negative troughs near the ''P'' peak. This effect, however, is usually seen as negative 
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ESE 2 -9 troughs on both sides of the P peak, which is not the case here. In addition, all receiver functions had the best trough filler selected to minimize such effects, so we believe the large negative trough following the P peak at rifb is a genuine structural signal produced by a low S wave velocity zone in the upper crust. The phase 17 s after the direct P, tentatively identified as the PpPms phase, implies a crustal average Vp/Vs ratio of 1.71, closer to the craton value than to the assumed 1.73 of the Paraná model. The estimated crustal thickness, however, is very similar to the one given by the initial Paraná model.
[32] Synthetic receiver functions calculated for other stations confirm the identification of the Moho Ps conversion. More detailed 
Results of Crustal Thicknesses
[33] The resulting crustal thicknesses, estimated with the average velocity models, are presented in Table 4 and Figure 8 . Table 4 also lists the Ps-P time corrected to vertical incidence ((Ps-P) o column), which can be used in future refinements when more detailed velocity information becomes available or to constrain tomographic studies such as done by Van der Lee et al. [2001] . Crustal thicknesses from 35 to 47 km were obtained. It is clearly seen that the craton/plateau area has a thinner crust than the Paraná basin. Crustal thinning toward the continental margin can also be noted for the stations in the Ribeira belt. It should be noted that the larger crustal thicknesses in the Paraná basin (43 km on average), compared with the craton/ plateau area (41 km), were obtained with a lower average Vp and higher Poisson ratio; if the same velocity model had been used for both craton/plateau and Paraná basin areas, then the differences in the average thicknesses would be nearly 2 km larger.
[34] The uncertainties in the crustal thicknesses and (Ps-P) o shown in Table 4 are the standard deviations from the values of the various stacks for different azimuth and slowness bins and so reflect deviations of the local crustal structure from horizontal layering not uncertainties in the mean crustal thickness beneath the station. To estimate the uncertainties of the mean crustal thickness beneath each station, we need to consider uncertainties in the average crustal P and S wave velocities. If the average crustal P wave velocity can vary by ±0.2 km/s (the standard deviation of the global compilation of Christensen and Mooney [1995] ), the estimated uncertainty for a 42 km crustal thickness will be around ±1.0 km. An additional uncertainty of ±0.03 in the Vp/Vs ratio corresponds to an uncertainty of ±1.6 km in the crustal thickness. So the total uncertainties in the mean crustal thicknesses listed in Table 4 could be around ±2.5 km, especially for the Paraná and Ribeira belt. For the stations in the craton/plateau area, where a greater control on the average crustal velocities is available (especially the Vp/Vs ratio), the uncertainties are smaller. The combined uncertainties of ±0.15 km/s of the average P wave velocity and ±0.01 in the Vp/Vs ratio lead to a total uncertainty of about ±1.6 km in the crustal thicknesses for the craton/plateau area.
[35] In SE Brazil the region of higher topography (Serra da Mantiqueira plateau, southern part of the craton and surrounding fold belt, Figure 1 ) is characterized by lower Bouguer anomalies (Figure 9a ), indicating that regional isostasy is maintained. In the low-elevation area of the Paraná basin, crustal thicknesses vary from 39 to 47 km, while in the plateau the crust is usually thinner (37 -43 km) as seen in Figures 8 and 9b . This is the opposite pattern one would expect if isostasy were achieved mainly by varying crustal thickness, as often assumed in gravity modelings of crustal structure. Bouguer anomalies used here were taken from Ussami and Sá [1993] and Ussami et al. [1993] and are accurate to within 1 mGal.
[36] If the average densities for the crust and for the upper mantle are assumed constant in the study region, then Bouguer anomalies could be calculated from the elevation and crustal thickness, as shown in Figure 9c , where a crust-mantle density contrast of 400 kg/m 3 was used. Because the calculated and observed gravity have no correlation, we must conclude that isostasy is achieved mainly by density variations. So either the crust or the upper mantle in the Paraná basin has higher density compared with the São Francisco craton and Brasília belt.
[37] Figure 10a summarizes the average topographic elevations and crustal thicknesses found for the Paraná basin and the craton area. For the craton area the average values were obtained with stations bet1, cdcb, bscb, and frmb (all in the craton itself) and furb in the nearby fold belt. Although furb is not directly located in the exposed cratonic block, the little deformed, low-grade metasediments in the area and the high upper mantle velocities found in the tomographic studies [VanDecar et al., 1995] suggest a cratonic basement little affected by the Brasiliano orogeny. We excluded from the averages used in Figure 10 the stations close to the Brasiliano suture (rifb, cacb, areb, and brsb) where a thick crust could have originated by crustal shortening during the collision. Also, flexural effects near the suture [Lesquer et al., 1981] prevent simple gravity calculations when analyzing the relations between elevation, gravity, and crustal thickness.
Discussion
[38] Two end-member models can be considered to make the crustal thicknesses compatible with isostasy requirements: (1) lower-density lithospheric mantle in the craton area or (2) from Molina et al. [1989] ), and thickness of 3.7 km (average of the stations used in th gravity analysis); an upper crust with fixed P wave velocity of 6.29 km/s down to 20 km depth; and a lower crust with velocity-density to be modeled. We used the P wave velocity-density relations recommended by Christensen and Mooney [1995] , such as
valid for a depth of 30 km and used for the lower crust.
6.1. Low Density in the Craton Lithosphere [39] Assuming that the craton and the Paraná crusts have the same P wave velocities and densities, the lithospheric mantle in the craton has to be less dense than the lithospheric mantle beneath the Paraná basin. A difference of À30 kg/m 3 or À40 kg/m 3 is necessary to match the 20 mGal Bouguer difference or the weight of the lithospheres, respectively. This is in general agreement with the model of Hawkesworth et al. [1990] for a depleted ($1% lower FeO), more buoyant (À30 kg/m 3 ) Archean lithosphere compared to the Proterozoic lithosphere. Although the lithospheric mantle beneath the craton has a lower density, its P wave velocity is still normally high, as suggested both by the 8.3 km/s Pn velocity of the craton model above and by the upper mantle tomography results of VanDecar et al. [1995] . Because the relation between P wave velocity and density depends on the mean atomic number of the rock constituents [Birch, 1961; Chung, 1972] , a depleted upper mantle (low FeO) is consistent with a lower density but still high velocity. A thinner crust and more buoyant, depleted upper mantle for the Archean lithosphere is also consistent with Durrheim and Mooney's [1991] model of crustal evolution.
High Crustal Density Beneath the Paraná Basin
[40] As an alternative hypothesis, we examine models in which we assume a more mafic, higher-density lower crust beneath the Paraná basin but where crustal velocity structure is constrained by the observed Ps-P lapse times (Table 4 ). In the velocity-density equation above, higher densities imply higher P wave velocities, so that a more dense lower crustal section beneath the Paraná basin would in turn require an increase in calculated crustal thickness for a given Ps-P lapse time. The increase in calculated crustal thickness due to a higher velocity crust is offset in that the mafic rocks likely to be major constituents of the lower crust have relatively high Poisson's ratios, commonly in the range 0.27 -0.30 [Holbrook et al., 1992] . A high Poisson's ratio (i.e., high Vp/Vs ratio) leads to a decreased crustal thickness for a given Ps-P lapse time. In the following examples, we model the crust beneath the Paraná basin assuming a Poissons ratio of 0.28 for the sedimentary layer, 0.25 for the upper crust, and 0.29 for a predominantly mafic lower crustal layer. The above velocity-density relationship is used to relate the density and Vp. The upper mantle is assumed to have a uniform density of 3400 kg/m 3 .
[41] Given these assumptions and constraints, we get the following results: (1) to produce the 20 mGal Bouguer anomaly contrast requires a density increase of 130 kg/m 3 , with an implied Vp = 7.1 km/s; (2) to balance the lithosphere weights requires a density increase of 190 kg/m 3 , with an implied Vp = 7.3 km/s. On the basis of these revised velocity calculations the total crustal thickness decreases by 1.1 or 0.5 km, respectively. The high P wave velocities and the high Poisson's ratio in the lower crust yield an average crustal S wave velocity of $3.8 km/s, still compatible with the surface wave results (average of 3.7 km/s).
[42] Durrheim and Mooney [1991] show that Proterozoic crusts are often characterized by high P wave velocity (Vp > 7.0 km/s) in the lower crust, which they interpreted as being most probably due to rocks with gabbro to olivine-gabbro bulk composition. This predominantly mafic composition corresponds to the high velocity peak (Vp 7.0 -7.5 km/s) found in the compilations of lower crustal structure by Holbrook et al. [1992] . The favored mechanism for the origin of a Proterozoic mafic lower crust is basaltic underplating [Hawkesworth et al., 1990; Durrheim and Mooney, 1991] . In the middle of the Paraná Molina et al. [1989] modeled variations in the Bouguer and free-air anomalies as due to a high-density lower crust, also attributed to underplating. In the case of the Paraná basin, underplating could have occurred both during the Proterozoic formation of the original crust and during the massive extrusion of the Mesozoic basalt flows, just prior to the South Atlantic opening. In fact, an important extensional event in the Paraná basin at 296 Ma [Quintas et al., 1999] produced maximum subsidence rates in the middle of the basin near stations trib, ppdb, and popb. It is plausible that a weakened lithosphere in this region favored the later basalt flow magmatism (at 140 Ma) with accompanying underplating in the lower crust.
Conclusion
[43] Clearly, simple estimates of crustal thicknesses based on Ps-P times cannot uniquely define detailed evolutionary models for crustal evolution. The two end-member models presented above are both consistent with Archean/Proterozoic crustal evolution as suggested by Hawkesworth et al. [1990] and Durrheim and Mooney [1991] . Probably both depleted (buoyant) Archean lithosphere and underplated (more dense) Proterozoic lower crust, to a lesser degree than the values above, could occur in southeastern Brazil.
[44] On the other hand, the results presented here can be helpful in better constraining crustal models derived mainly from gravity data. For example, in modeling the suture zone between the Paraná basin and the São Francisco craton, Lesquer et al. [1981] used a slightly thicker crust (and 70 kg/m 3 more dense) beneath the Paraná basin compared with the craton, which is in general agreement with our results. On the other hand, Padilha et al. [1992] modeled the same suture, near station AGVB, with the crust beneath the Paraná basin up to 5 km thinner than in the fold belt, which is less likely to be valid in view of the data presented here. Ussami et al. [1993] and Chapin [1996] calculate isostatic gravity anomalies in South America assuming topography is compensated by crustal thickening. While this may be valid for comparing large, diverse areas, such as Andes and stable platform, it is not a valid hypothesis to be used within the SE Brazil platform. The Ps-P times and estimates of crustal thicknesses presented here should help constrain future models of crustal structure in SE Brazil.
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